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Abstract 
Designers formulate requirements to ensure development processes that anticipate stakeholder needs. Most development projects 
fail due to vague and imprecisely formulated requirements, which is linked to poor requirement quality in the early phases of 
development projects. 
This paper presents the newly developed REQ Method to systematically support designers during the formulation of requirements, 
according to important quality criteria. The paper offers a critically reflected assessment scheme for documented requirements to 
assess requirement quality. The methodological support builds a valuable base for better requirement quality, reducing the risk of 
trade-offs and project termination.  
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1. Introduction 
1.1. Motivation 
Requirements arise from many different sources during the 
development of technical products. They are acquired by 
documenting the interests and expectations of stakeholders or 
by using process modelling and information from use processes 
for developing a technical product that delivers greatest 
stakeholder value [10]. Special focus is on the potential of 
manufacturing technologies and value creation during use 
which should be systematically integrated into the early stages 
of development processes (Figure 1). 
Full potential is tapped if function-required properties are 
mapped to manufacturing-induced properties by property-
mapping at an early stage of the development process [3,14] to 
tap full potential for product and process innovation that is 
induced by manufacturing technologies. This reduces the 
number of iterations during development [14], leading to 
reduced process time and improved product and process 
maturity. However, the aim of requirements is the 
determination of product properties and process variables in 
that the technical product is the operand or the operator. 
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Fig. 1. Requirements within the manufacturing integrated product design 
approach, as enhancement to [4] 
Based on desired properties, sets of product properties are 
determined, whereas desired properties of previous 
development steps are realized by the determined product 
properties. Designers should mainly focus on the content of 
requirements without thinking of standardized conceptual 
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systems that simplify the identification of relevant design 
parameters for mathematical optimization.  
Desired properties are important in the algorithm-based 
development of technical products and processes: they depict 
just one small area of the possible value range permitted by 
requirements by considering their specific links [3]. They help 
to structure the design task as only desired properties form the 
core of the solution. They only consist of the most relevant 
properties that should be realized in the technical product and 
function as a filter for the identification of design parameters 
for mathematical optimization. 
The separation of requirements and desired properties is not 
only logical but pragmatic when developing technical products 
and processes using mathematical optimization methods for 
optimization of product geometry. Desired properties are 
included within the formalized product and process design task. 
Even if technical products fulfill all other requirements, the 
product itself cannot be used as demanded when desired 
properties are not fulfilled by the technical product. This leads 
to customer/stakeholder dissatisfaction since they do not 
perceive the value in the product. 
1.2. Benefits of assessing the quality of requirements 
Collaborative Research Center 666 - Integral Sheet Metal 
Design of Higher Order Bifurcations focuses on an algorithm-
based product and process development process, using 
mathematical optimization methods that lead to optimized 
product geometry. The mathematically supported integrated 
product and process development approach demands a high 
level of requirement formalization to systematically identify 
relevant design parameters that function as input for the target 
function within the mathematical optimization methods used. 
However, conventional product development processes need 
not have highly formalized requirements. In contrast to 
algorithm-based product and process development processes, 
purposefully and intuitively documented requirements suffice, 
since conventional product development processes are geared 
towards comprehensive clarification of the design task within 
the project definition process [14]. 
Therefore, this paper focuses on an efficient formulation of 
requirements according to quality criteria to ensure a high level 
of compliance with the formalization of desired properties [9]. 
This formalization supports the systematic identification of 
desired properties in the design task, which is specified by 
requirements and affects the intended function of the technical 
product [9]. Early assessment and continual improvement of 
requirements during requirement acquisition or documentation 
in the requirement lists allows better determination of product 
properties. 
This process may be supported by the REQ (requirement 
quality) Method. Similar approaches can be found in software 
engineering that ensure a standardized requirement formulation 
to systematically select appropriate design elements [12]. Major 
elements of these methods can be used in product development 
to guarantee a systematic consideration of requirements during 
product concretization, providing methodological support to 
algorithm-supported product development approaches. 
2. The separation of requirements on and properties of a 
technical system 
Value-driven development fulfills stakeholder needs, desires 
and expectations of a technical product. Unfortunately, most 
requirements are not documented to reflect the consequences of 
decision making during the development process [5,7], which 
directly influences product properties [14]. 
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Fig. 2. Relation between needs and expectations of stakeholders, 
requirements and product properties 
Although the formulation of requirements is wide in scope 
[10], it has to be done purposefully to systematically determine 
product properties during gradual concretization of the 
technical product (Figure 2). According to design science 
literature, requirements have to fulfill a large number of quality 
criteria to be well-defined [8]. However, a well-defined 
requirement is subjectively evaluated by designers in 
documented form within the requirement list. 
Differentiation of requirements, desired properties and 
product properties is especially relevant during algorithm-based 
product and process development processes. Whereas 
requirements have high fuzziness in their formalism and 
documented content, only describing technical products that 
need to be developed hypothetically, product properties 
characterize the realized technical product in a highly 
formalized manner [2]. The variation in formulation of 
requirements, product properties and desired properties is 
mainly caused by the hypothetical character of requirements 
[2]. Product properties have to be continually adapted to 
underlying requirements to meet the requirements. The 
continual mapping between “what we want to achieve” and 
“how we want to achieve it” must be considered [13].  
Since most decisions and designs are made using models that 
are purposefully abstracted to the essential components to 
develop technical systems [1], product properties from the basis 
for a property-based description of the technical product, 
according to its degree of concretization, and have to be 
especially considered for the identification and determination 
of design parameters that have to be optimized using 
mathematical optimization methods. This can be traced back to 
the fact that most product properties are not relevant to the 
development of technical products and processes. 
The goal of every development process is to determine 
which product properties fulfill customer/stakeholder 
requirements best. Designers focus on processes that should be 
fulfilled to ensure greatest value for customer and user. They 
also have to focus on the technical product and its properties, 
since it operates during use and realizes the use processes [5] 
by providing appropriate effect values. 
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3. Why requirement quality matters 
As shown in [8], requirements have to fulfill a large number 
of quality criteria. Quality criteria should guide developers 
during the formulation of requirements. Therefore, quality 
criteria for the structural composition of requirements and 
quality criteria related to the content of requirements can be 
distinguished (Figure 3). 
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Fig. 3. Criteria for the assessment of requirement quality 
Since most quality criteria are terminologically similar, [8] 
made major improvements in ontologically summarizing the 
main quality criteria, giving them appropriate definitions for the 
context of design science for the development of technical 
products. This leads to differentiation between essential quality 
criteria that need to be necessarily fulfilled by every 
requirement and other quality criteria that can be optionally 
fulfilled, as shown in Table 1. 
Already at this point a further distinction of these bipartite 
separation of quality criteria is also indicated for the assessment 
of requirements’ quality, as shown in the next section. 
Table 1. Differentiation of quality criteria into two classes 
Quality criteria, essential to fulfill Quality criteria, optional to fulfill 
classified ambitious 
comprehensible consistent 
current measurable 
documentable quantified 
feasible reasonable complete 
prioritized sufficiently open 
traceable targeted without conflicts 
unambiguous terminologically correct 
 
The quality of requirements can be defined according to the 
fulfillment of each relevant quality criterion of requirements. A 
good requirement quality expresses itself through a high 
formalization of requirements and purposefully elaborated 
substantive documentation suitable for the mathematical 
optimization. 
4. The REQ Method for the assessment of requirement 
quality 
The following sections elaborate on the REQ Method for the 
assessment of requirement quality and the identification of 
relevant quality criteria according to which a requirement has 
to be improved. As shown above, requirements do not have to 
equally fulfill each quality criterion. However, there are some 
quality criteria that have to be fulfilled to guarantee a 
requirement according to the formalization schema of 
requirements. There are some quality criteria that continually 
influence requirement quality, whether they are fulfilled or not. 
For these quality criteria, degrees of freedoms can be defined 
that are cumulated to access the requirement quality.  
4.1. Structural composition of the REQ Method 
The REQ Method consists of a divided structure, following 
the principle of quality criteria that have to be fulfilled to ensure 
the syntactical correctness of requirements (Figure 4). If the 
syntactical correctness of requirements can be ensured, the less 
important but qualitatively flexible quality criteria have to be 
checked. The first category of quality criteria is ‘absolute 
criteria’, since this affects the most important characteristics of 
requirements that have to be completely fulfilled in order to 
truthfully claim to deal with requirements. The second category 
of quality criteria, however, only deals with the quality of 
requirements. Thus they can be more or less met. All activities 
of the REQ Method can be algorithmized, thus reducing the 
required effort for even moderate amounts of requirements. 
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Fig. 4. Structural composition of the REQ Method 
4.2. Strict evaluation criteria of the REQ Method - Syntactical 
correctness of requirements 
The first category of quality criteria for the assessment of 
requirement quality class ‘n’, has strict evaluation criteria, 
which have to be completely met to guarantee the syntactical 
correctness of requirements. To prove that each quality 
criterion sits within class ‘n’, the syntactical and ontologically 
correctness can be assessed using further specifications that 
detail their validity. The relevant requirements have to be 
validated by quality criteria of class ‘n’. If one quality criterion 
in this category is not fulfilled, the requirement has to be 
reformulated or redefined, according to this specific quality 
criterion. If all quality criteria of class ‘n’ are fulfilled, the 
degree of fulfillment has to be determined. 
Regarding the content and origin of requirements (ensuring 
traceability), they should be embedded in the classification 
schema of other requirements. If requirements are classifiable 
into broader classes, standardized methods, like requirement 
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cluster [11], can be applied during the requirement acquisition 
process. Clearly and explicitly formulated requirements lead to 
easily interpretable requirements, from which the most 
important desired properties can be identified. Since 
requirements are gradually refined according to ongoing 
product and process concretization, they have to be 
documented according to the current degree of product and 
process concretization. Requirements have to be feasible, 
leading to the determination of appropriate values in the 
characteristics of desired properties. Feasibility results in the 
realization of requirements by desired properties. 
Requirements come from many different sources, such as 
stakeholders and the product environment, which are not all 
equally important in the development process to stakeholders 
and especially the user who uses the technical product. This 
leads to the necessary quality criteria that requirements need to 
be prioritized and unambiguous to represent stakeholder needs 
and expectations correctly. 
4.3. Soft evaluation criteria of the REQ Method - Content 
correctness of requirements 
The second category of quality criteria for the assessment of 
requirement quality, class ‘o’, has less strict evaluation criteria. 
These quality criteria can be more or less fulfilled, influencing 
the meaningfulness of requirements in product concretization. 
In algorithm-based product and process development, high 
fulfillment of these soft evaluation criteria leads to better 
formulation of requirements, supporting the transformation 
process with their proper formalization according to essential 
quality criteria. Fulfillment of each quality criterion in class ‘o’ 
is optional. The assessment can be supported by detailed 
scoring of requirements according to each quality criterion of 
class ‘o’, resulting in distinctive degrees of fulfillment (DoF,I 
and DoF,j). 
Normalized degrees of fulfillment show the fulfillment of 
the appropriate quality criterion in an integral scale of values, 
where a describes the highest possible assessment value. The 
quality criteria are currently weighted equally by w. However, 
it is possible that quality criteria are differently weighted 
according to the actual degree of concretization during 
development processes to enable the purposeful requirement 
formulation. These quality criteria provide the fundamental 
basis for assessing requirement quality by summing up the 
particular degrees of fulfillment. As shown in [8] and Figure 5, 
quality criteria for requirements have to be considered in two 
dimensions: 
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The first refers to the formalism of requirements due to their 
structural composition - degrees of fulfillment concerning; the 
second refers to the content of requirements. This leads to two 
degrees of fulfillment that satisfy the two dimensions of 
requirements, as shown in Equations (1) and (2). 
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Fig. 5. Scoring of requirements according to quality criteria of class ‘o’ 
4.4. Visualization of results 
The results of the assessment of the requirements need to be 
interpreted, supporting designers through guidelines and 
identified deficits of the formulated requirements to get closer 
to the demanded formalism that describes desired properties. 
Therefore, two forms of representation are provided for 
improving requirements in their syntactical correctness as well 
as in their content. The first represents the REQ Chart that 
illustrates the differentiated result of requirement assessment, 
according to its content and its formal structure. The totality of 
requirements can be illustrated within the REQ Charts (Figure 
6), emphasizing the need for revision within a labelling system, 
either in their content or syntactical structure. The huge number 
of requirements is clustered into three categories; requirements 
in the third category need special revision. 
 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.00
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
ܦ௢ி
௙௢௥௠௔௟௜௦௠ - Formal structure of requirements
ܦ ௢
ி௖௢
௡௧
௘௡
௧
-
C
on
te
nt
 o
f
re
qu
ire
m
en
ts
V1
V2
 
Fig. 6. The REQ Chart for requirements 
The REQ Chart illustrates the quality of the total number of 
requirements at an abstract level and quality profiles show the 
differentiated illustration of each requirement and its specific 
fulfillment of each soft evaluation criteria based on quality 
criteria that may be more or less fulfilled. Requirements that 
show qualitative deficiencies, according to the evaluated 
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quality criteria, can be considered separately and the fulfillment 
of each quality criterion can be reflected critically. Further 
improvement activities for deficient requirements can be 
directly derived from these detailed considerations. 
5. Case Study 
This case study demonstrates application of the REQ 
method to acquired requirements within algorithm-based 
product and process development processes. It deals with the 
development of a technical product for use in cleaning systems 
on planar facades that have a new and innovative linear guide 
with integrated actuating elements (Figure 7) joined during 
continuous flow production. 
Running surface
Running element
Rack
 
Fig. 7. Linear guide system with integrated actuating element [6] 
Each requirement is documented in the requirements list and 
weighted according to their meaning for fulfillment. Based on 
formalized and standardized requirements, mathematical 
optimization methods are used to optimize product topology 
and geometry during embodiment. The following two 
examples of requirements demonstrate purpose fulfilling 
description of the technical product to be developed. The 
reference to quantitative values within the requirements is 
purposefully neglected to reduce complexity. For example: 
 
(1) “The product should not hurt anyone during use.” 
(2) “The actuating elements should be mechanically joined to 
the linear flow split and bended sheet metal profile during 
continuous flow production.” 
 
These two requirements are very conceptual. They allow 
great space for interpretation, though the second requirement 
might have of better requirement quality. This requirement 
should be more easily transformable for use as a definable and 
suitable set of desired properties to define a suitable set of 
desired properties of the technical product to be developed. 
Both requirements fulfill the quality criteria that are 
essential for requirements to be formalized in a scheme that is 
fit for purpose for product and process development, as these 
quality criteria have been continuously considered during 
requirement acquisition and documentation. They are all 
classified according to specific elements (the product, its 
functions and its processes within the intended product life 
cycle), comprehensible, up-to-date during the development 
project, documented and feasible, prioritized according to 
importance of fulfillment, can be traced back to their origin and 
are unambiguous in their level of concretization in which they 
are acquired and documented. 
Table 2. Detailed scoring for each DoF 
Requirement 
No. 
(1) (2) Degrees of Fulfillment DoF 
Requirement (1) Requirement (2) 
ܦ௢ிǡଵ
௙  2 4 ܦ௢ிǡோଵ
௙௢௥௠௔௟௜௦௠ 
0.625 → 62.5% 
ܦ௢ிǡோଶ
௙௢௥௠௔௟௜௦௠ 
1.0 → 100% ܦ௢ிǡଶ
௙  3 4 
ܦ௢ிǡଵ௖  2 4 
ܦ௢ிǡோଵ௖௢௡௧௘௡௧ 
0.375 → 37.5% 
ܦ௢ிǡோଶ௖௢௡௧௘௡௧ 
0.917 → 91,7% 
ܦ௢ிǡଶ௖  0 3 
ܦ௢ிǡଷ௖  1 4 
ܦ௢ிǡସ௖  4 4 
ܦ௢ிǡହ௖  1 3 
ܦ௢ிǡ଺௖  1 4 
 
 
Fig. 8. Linear guide system with integrated actuating element [6] 
Textual analysis of the first requirement shows that the 
requirement address the product to be developed, refers to its 
active use as the operator in its specific use process context, 
and is connected to its surrounding. The system surrounding 
should not be negatively influenced by the technical product. 
However, it does not guarantee operational safety through by 
constructive protection against impact and risk of electric 
shock. Specific use cases are not explicitly considered.  
The second requirement contains detailed information about 
the manufacturing processes used to provide functionally 
relevant elements, such as the mechanically joined rack that 
guarantees accuracy and fidelity of motion. It is concretized to 
specific movement speeds during manufacturing processes, 
geometric and manufacturing process restrictions due to 
technology-driven development using linear flow slit and 
bending as manufacturing technologies (technology push). 
Functionally relevant elements (like the joined rack as one 
actuating element) must be integrated into the manufacturing 
processes to realize the full potential of new manufacturing 
technologies. 
Alignment with specific rubrics with detailed scoring (0-4) 
leads to differentiated propositions for the fulfillment of each 
quality criterion for requirements (1) and (2). 
Interpretation of the results (Figure 8) leads to the 
conclusion that requirement (1) needs further improvement in 
concretization of content, indicated by the deficiently scored 
quality criteria. Requirement (2) can be used for further 
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transformation to identify desired properties of the technical 
product to be developed. 
6. Benefits and Conclusions 
This paper presents the newly developed REQ method for 
qualitatively formulated and documented requirements. The 
REQ method supports highly standardized requirement 
formulation within algorithm-based product and process 
development processes. These processes need highly 
standardized and formalized requirements to provide a 
common interface between development activities and 
mathematical optimization methods. The REQ method 
provides unique differentiation of quality criteria for 
requirements. Quality criteria based mainly on vague 
information are quantified in assessment catalogues, with 
scoring for each quality criterion providing an objective 
assessment of the requirement quality needed in algorithm-
based product and process development processes. 
Based on the critically reflected considerations of 
requirements and the need for formalization and 
standardization within the algorithm-based product and process 
development process, desired properties of the technical 
product were identified to provide a consolidated interface 
during identification of relevant parameters for mathematical 
optimization. The most relevant quality criteria can be arranged 
into two categories: the first category needs to be completely 
fulfilled to provide syntactically correct requirements - quality 
criteria within class ‘n’. The second category consists of quality 
criteria that can be optionally fulfilled, thus influencing the 
meaningfulness of the appropriate requirement for 
standardization and formulation - quality criteria within class 
‘o’. This paper shows methodologically supported quality 
criteria for the assessment of requirement quality. 
Differentiated consideration of quality criteria and detailed 
scoring is provided to support the transformation of 
requirements into desired properties of technical systems. 
Qualitatively well formulated requirements are necessary to 
easily identify desired properties to reduce complexity during 
mathematical optimization, as all targets deduced from 
requirements cannot be considered during mathematical 
optimization. Complex development problems get easier to 
control. According to the methodologically supported 
systematic determination of desired properties, decisions can 
be made more purposeful to increase product and process 
maturity at an early stage of development processes.  
Future work will clarify how quality criteria are differently 
weighted for the use on more abstract and more detailed 
modeling levels within development processes to obtain 
qualitatively well formulated requirements during the entire 
algorithm-based product and process development process. 
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